Since developing perovskite solar cells, the photoelectric conversion efficiency has leapt while the stability of perovskite materials is a significant factor restricting the further development of perovskite solar cells. In practical applications, temperature is an important factor influencing the stability of perovskite materials. By using the first-principles method, the phase structures and band gaps of CH 3 NH 3 PbI 3 , CH(NH 2 ) 2 SnI 3 , CsPbI 3 and CsSnI 3 were calculated to analyze the influence of phase transition on structures and band gaps.
INTRODUCTION
Perovskite solar cells have attracted numerous researchers due to favorable light absorption and transmission characteristics in recent years. The perovskite solar cells were first introduced into photovoltaic field in 2009, showing a photoelectric conversion efficiency of 3.8% [1] , which gradually improved [2] [3] [4] [5] [6] . By the end of 2016, the photoelectric conversion efficiency had reached to 22.1% [7] . Although perovskite materials greatly improve in efficiency, stability is always one of factors restricting the further development of perovskite materials. Changes of some perovskite materials with temperature cause the phase transition. Therefore, investigating the phase transition of materials at different temperatures and the influence of the transition on structures and band gaps of materials exerts an extremely important significance on developing new perovskite materials with high stability. By employing the first-principles method, the study optimized structures and calculated electronic structures of phases of CH 3 NH 3 PbI 3 , CH(NH 2 ) 2 SnI 3 , CsPbI 3 and CsSnI 3 at different temperatures. By doing so, the influence law of temperature changes on material structures and band gaps was analyzed, which provides a basis for exploring perovskite materials which can sustain stable at different temperatures.
METHODOLOGY
The calculation was conducted by using VASP software package [8, 9] to optimize the structures of perovskite materials and calculate the band gaps. The generalized-gradient approximation (GGA)-Perdew-Burke-Ernzerh (PBE) functional of augmented plane wave was applied and the spin-orbit coupling (SOC) effect was also considered in the calculation. The cut-off energy was set as 500 eV while atomic force was 0.01 eV/Å at most during the calculation.
RESULTS AND DISCUSSION

Research on CH 3 NH 3 PbI 3
As the material first applied as the light absorption layer of dye-sensitized solar cell (DSSC), CH 3 NH 3 PbI 3 takes Pb as the central positive ion and is connected with neighboring I phase to form an octahedral structure [1] . The structure is connected with each other by using a common vertex in which CH 3 NH 3 + is distributed in interstices of the octahedral structure. CH 3 NH 3 PbI 3 appears as four phases at different temperatures involving Pm3m phase at high temperature(>54℃), 14cm and 14mcm phases at room temperature, and Pnma phase at low temperature(<-111℃). As I4cm and I4mcm phases can co-exist at room temperature [10] , I4cm phase is taken to investigate the influence of room temperature on the properties of CH 3 NH 3 PbI 3 . As shown in Figure 1 , as temperature reduces, the average bond angles of Pb-I-Pb are 169.60°, 161.12° and 154.26°, respectively, and the distortion degree of Pb-I bond successively increases. However, the band gaps calculated after undergoing structural optimization are 0.67, 0.77 and 0.82 eV, respectively, which implies that the band gaps increasingly rise with decreasing temperatures. 
Research on CH(NH 2 ) 2 SnI 3
CH(NH 2 ) 2 SnI 3 also exhibits two phases with three-dimensional (3D) structure involving Amm2 phase at room temperatures (67 ℃) and Imm2 (-93 ℃) phase at low temperatures [11] . Figure 2 . The structure of CH(NH 2 ) 2 SnI 3 : a. room temperature phase Amm2, b. low temperature phase Imm2.
As two phases with 3D structures, the average bond angles of Pb-I bond of Imm2 phase (at low temperatures) and Pb-I-Pb bond of Amm2 phase (at room temperatures) are 170.18° and 174.50°, respectively. Correspondingly, the band gaps are 0.68 and 0.36 eV, respectively. The structure of the phase at low temperatures shows more distorted bonds and larger band gaps.
Research on CsPbI 3
CsPbI 3 appears as two phases at different temperatures, pm3m phase (3D structure) at high temperatures (361℃) and Pnma phase (two-dimensional (2D) structure) at room temperature [12] . By observing the above structures, it can be seen that reduction of temperatures changes the 3D structure of CsPbI 3 to a 2D structure in which the average bond angles of Pb-I-Pb are 180° and 93.93°, respectively. The band gaps of 3D and 2D structures are 0.32 and 1.91 eV, respectively through theoretical calculation. Obviously, compared with that of the 3D CH 3 NH 3 PbI 3 , the change of CsPbI 3 at different dimensions is more significant and has a greater influence on band gaps, namely, the changes of dimensions dramatically increase the band gaps.
Research on CsSnI 3
When temperature T is higher than 153° or ranges from 78° to 153°, α or β phase appears, respectively. At room temperature, γ and Y phases occur and γ phase is transformed into Y phase after one hour owing to it is instable in air. In addition, α, β and γ phases appear as 3D structures while Y phase occurs as 2D structure [13] . As temperatures declines, the average bond angles of Pb-I-Pb bonds of α, β, γ and Y phases are 180°, 170.20°, 162.86° and 95.85°, respectively. Correspondingly, the band gaps of materials vary as 0.03, 0.14, 0.34 and 1.92 eV, respectively. Afterwards, Sn-I bonds distort and even fracture to change the dimension. Distortion of bonds increases band gaps. As the bonds are fractured due to the distortion, the band gaps rapidly rise, similar to CsPbI 3 .
CONCLUSION
By analyzing the above calculations, the following points can be summarized: the thermal vibration of lattice makes crystals more symmetrical at high temperatures [14] . As temperature reduces, bonds of perovskite materials probably distort and are subjected to phase transition, which results in the rise of band gaps of materials. When distortion is so serious that causes the change of dimensions, the phase transition has a more significant influence on band gaps of materials compared with ordinary phase transition. It is the fundamental cause for the instability of the materials when they are used as the light absorption layer of solar cells. 
